‘AD-AL173 851

UNCLASSIFIED

i

Rl T e 2

F/G 1/3




o it
5o 32
a8

="
2 Yl hs

MICROCOPY RESOLUTION TEST CHART

NATIONAL RURtAU 1 STANGARDS 1363 A




ARL-AERO-PROP-R-169 AR-004-049

*

'5!5. AUSTRALIA ¢+

ud

DEPARTMENT OF DEFENCE

DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION
AERONAUTICAL RESEARCH LABORATORIES

MELBOURNE, VICTORIA

AD-A173 851

AERO PROPULSION REPORT 169

ANALYSIS OF THE VIBRATION OF THE INPUT BEVEL
PINION IN RAN WESSEX HELICOPTER MAIN ROTOR
GEARBOX WAK143 PRIOR TO FAILURE

DTIC
L ECTE
by c NOV 1 2 1986

P. D. McFADDEN w

o B
(o]
LD
L Approved for public reieigf::'.
e ¢
Forey THE UNITED STATES NATIO'A!

TECHNICAL INFORMATION  GERVICE
| - 18 AUTHORISED TO
g REPRODUCE AMD SELL THIS REFORT

© COMMONWEALTH OF AUSTRALIA 1985
COPY No SEPTEMBER 1985




o e ’ l - v
1
{
AR-004-049
DEPARTMENT OF DEFENCE
i DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION
g AERONAUTICAL RESEARCH LABORATORIES

AERO PROPULSION REPORT 169

ANALYSIS OF THE VIBRATION OF THE INPUT BEVEL
PINION IN RAN WESSEX HELICOPTER MAIN ROTOR
GEARBOX WAK143 PRIOR TO FAILURE

DTIC
by Q £l ECTE
P. D. McFADDEN s NOV 1 21386
‘ | $7
4 B

SUMMARY

Following the crash of an RAN Wessex helicopter caused by the catastrophic fatigue
failure of the input spiral bevel pinion in the main rotor gearbox, routine recordings cf the
gearbox vibration have been analyzed by ARL. It has been shown that conventional spectral
analysis of the vibration is unable to give adequate indication of the presence of the fatigue
crack but that an alternative technique of vibration analysis called signal averaging can give
warning of the crack 42 hours before failure. Enhancement of the signal average using a
computer enables detection of the crack as early as 103 hours before failure.
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1. INTRODUCTION

In December 1983 a Wessex Mark 31B helicopter of the Royal Australian Navy (RAN)
crashed in Bass Strait with the loss of two lives. After recovery of the aircraft from the sea,
the cause of the crash was attributed to the catastrophic failure of the input spiral bevel pinion
in the main rotor gearbox, serial number WAK 143, as shown in Figure 1. Metallurgical investi-
gations by ARL revealed that the pinion failed because of a fatigue crack which started at a
subsurface inclusion near the root of one of the teeth. The crack progressed radially into the
gear before growing axially fore and aft as shown in Figure 2, probably over a period of several
hundred flying hours. When the crack reached the neck of the gear, it changed direction and
moved circumferentially around the gear. During this phase, growth was much more rapid,
and it is believed that the crack may have travelled around a large part of the gear in as little as
20 minutes until the final overload faiture occurred. It is difficult to establish the history of the
crack, particularly the total time to failure, due to damage of the fracture surfaces during the
last stage of the crack growth. Nevertheless a possible history of the crack growth since the last
inspection has been proposed and is shown in Figure 3{l], while estimates of the crack front
positions at various times are given in Figure 4[}).

Methods of oil analysis or oil-borne debris detection cannot locate cracks of this kind,
simply because no debris are generated during crack propagation. To detect the crack by visual
inspection it would be necessary to remove the pinion at intervals much less than the expected
time to failure, and the effect on flying operations of these removals would be disruptive. For-
tunately vibration analysis offers a potential solution. Since 1977 the RAN has performed routine
spectral analysis of the vibration of the main rotor gearboxes in both Wessex and Sea King
helicopters to assist with the condition monitoring of these systems. In the Wessex, an accelero-
meter is fitted to a bolt on the input housing near the large taper roller bearing on the input
bevel pinion shaft before each monitoring-flight. Tape recordings of the signal from the
accelerometer are made in flight for a range of torque settings. After the flight the recordings
are processed using a Hewlett-Packard HP3582A narrow band spectrum analyzer and each
spectrum is examined by an experienced operator for changes which could indicate abnormal
operation. In the past, brinelled freewheel bearings have been detected in Sea King gearboxes [2)
and vibration analysis has been involved on other occasions with Sea King aircraft in corrobora-
tion with the evidence obtained from oil and filter debris analyses, but no abnormal vibration
has been detected in Wessex gearboxes. The same basic technique has been applied with great
success to several other aircraft systems over more than a decade, enabling the detection of de-
fective components before failure [3-6].

Why then did spectral analysis fail to detect the growing fatigue crack in the input bevel
pinion in Wessex gearbox WAKI143? This report shows that while spectral analysis is satis-
factory for monitoring simple mechanical subsystems such as accessory gearboxes, there is an
unexpected problem which iimits its suitability for the detection of the subtie changes in vibration
such as those which are caused by a fatigue crack in a gear in a complex system such as a heli-
copter gearbox. An alternative technique of vibration analysis called signal averaging is des-
cribed which is better suited to the detection of local defects such as cracks in gears. 1t is demon-
strated that signal averaging can give a clear indication of the existence of a crack in the input
pinion in gearbox WAK 143 more than 42 hours before failure. Also presented is a technique
of digital signal processing for the enhancement of the effects of gear damage on the signal average
which enables the presence of the crack to be detected more than 103 hours before failure. It is
shown that the tooth meshing vibration in the signal average can be completely demodulfated to
reveal that the earliest indication of a crack in the gear is given by the appearance of a phase lag
in the meshing vibration of the affected tooth. It is shown that for an advanced crack impacts
excite resonances at fow frequencies which offer a mecans of detecting advanced cracks. The
material presented provides firm evidence that signal averaging and the associated enhancement




techniques offer a practical solution to the detection of cracks in the input spiral bevel pinion
in the Wessex main rotor gearbox. These techniques are not restricted to the Wessex pinion
but can be applied to other gears in the Wessex and to gears in other aircraft.

2. SPECTRAL ANALYSIS OF GEAR VIBRATION
2.1 Introduction

Any pair of simple involute gears in good condition produces vibration during operation
due to the meshing action of the gear teeth, If the gears were perfeet they would produce no
torque variation and hence no vibration, but in practice the tooth profiles are always imperfect
to some degree because of approximations in design, unasoidable errors in manufacture, de-
flection of the teeth, shaft and bearings under load, and wear of the tooth surface. The major
part of the vibration is produced at the fundamental and harmonics of the tooth meshing fre-
quency because the meshing vibration is not purely sinusoidal. The tooth meshing frequency
is given by the number of teeth on the gear multiplied by the rotational speed and is the same for
both gears in a simple pair. For the input spiral bevel pinion in the Wessex main rotor gearbox,
which has 22 teeth and rotates at 42-7 Hz at nominal rotor speed, the tooth meshing frequency
is approximately 940 Hz. In the amplitude spectrum of the vibration, the fundamental and
harmonics of the gear tooth meshiny frequency can usually be seen clearly. For example, Figure 5
shows the vibration spectrum from a jet engine accessory drive gearbox [6), indicating the funda-
mental tooth meshing frequencies of the twe pairs of gears and several of their harmonics.
The relative amplitudes of the fundamental and harmonics depena on the tooth profile errors
but are also affected by the transfer function between the gear teeth and the vibration transducer
which is usuaily mounted on the gearbox casing {7].

In addition to the components in the spectrum which are directly related to the meshing
frequencies, there may be other components called modufation sidebands which appear about
the meshing components separated from them by multiples of the shaft rotation frequency.
Modulation sidebands are probably the most important indicators of the condition of a machine
which can be found in the vibration spectrum. They are produced by the variations in the
amplitude and phase of the tooth meshing vibration which repeat periodically with each revo-
lution of the gear. The modulation of the meshing vibration in the time domain produces
additional frequency components in the spectrum [8). There will always be some low fevel modu-
lation sidebands present in the spectrum because of the transmission errors present in the gears
due to the unavoidable variations in the gear tooth spacing and profile. Eccentricity of a gear
can produce large modulation sidebands as shown in Figure 6 due to the changes in amplitude
of the tooth meshing vibration as the depth of mesh varies and the teeth move in and out of the
correct mesh depth. Local defects such as tooth cracks should also produce modulation but
the crack usualfy only affects the adjacent teeth when they mesh with the other gear and this only
occurs for a short period each revolution of the cracked gear. The fact that the change is limited
to a short period of each revolution has an important effect on the vibration spectrum, as the
modulation sidebands which are produced extend over a very broad frequency range but at a
very low amplitude, as illustrated in Figure 7. This has very important implications because
in practice there is always a large background signal present from the operation of the gearbox
due to the excitation of many minor structural resonances and the modulation components
from other gears, all of which make it difficult to detect low level sidebands caused by a crack.

2.2 Weighting Functions

This situation is aggravated by a characteristic of spectral analysis performed using discrete
data. In digital spectrum analyzers the spectrum is caleulated from data which are sampled
over a finite length of time. Implicit in this calculation is the assumption that the signal being
sampled is exactly periodic within that time block {9], meaning that it repeats exactly and that no
discontinuity exists between the samples at the beginning and end of this block and those occurring
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before and after it. If these conditions are satisfied then the spectrum will be a true line spectrum.
In practice the vibration signal is rarely periodic within the sampled block, producing a spectrum
in which energy from each component may spread over many spectral lines as unwanted side
lobes. Figure 8 shows an example of the amplitude spectrum, on a logarithmic scale, of a sinu-
soidal signal which is not periodic in the time block, ilustrating clearly the additional spectral
lines which are produced. The problem can be overcome by multiplying the time block by a
weighting function or windowing function to force the beginning and end of the block to taper
so that there is a smooth transition free of discontinuities between blocks. There are a great
many weighting functions available with varying properties [10, i1].  Figure 9 shows the
spectrum for the same sinusoidal signal after weighting by the commonly-used Hanning
function (10, 11]. Note that there has been a drastic reduction in the level of the
additional lines in the spectrum due to the effective removal of the discontinuities at the ends
of the block. Figure 10 shows the spectrum for the same sinusoid after the application of an
alternative  weighting function known as a minimum four-term  Blackman - Harris
function [10, 1{). There has been a further reduction in the jevel of the side iobes but at the
expense of a broadening of the main lobe which now covers about four discrete spectral lines.
Obviously there must be a compromise between the level of the unwanted side lobes and the
width of the main lobe, as reducing the levels of the side lobes increases the width of the main
lobe. The type of weighting function selected can influence the ability to detect the modulation
sidebands caused by local damage as the presence of large side lobes can iaake it difficult to
detect low level sidebands while the broadening effect of the main lobe can cause closely spaced
sidebands to merge into a continuous background.

2.3 Spectrum of WAK143

The spectrum of gearbox WAK 143 at approximately 42 hours before failure as calculated
by the Hewlett-Packard HP3582A spectrum analyzer at RAN Air Station at Nowra is shown
in Figure 1. The spectrum was calculated from the last recording made before the crash on
tape 29/83 at 19704 hours since new with a torque meter reading of 100 psi. The fundamental
of the tooth meshing frequency of the input bevel pinion at 940 Hz and its second harmonic
at approximately 1880 Hz are indicated. The second harmonic has a greater amplitude than the
fundamental probably due in part to the form of the transfer function between the region of the
tooth mesh and the location of the accelerometer on the gearbox casing {7]. One upper sideband
can be discerned near the second harmonic.

One limitation of the HP3582A is its spectral resolution of only 256 lines which is aggravated
by the provision of a ‘flat top' weighting function [12] which has exceffent low fevel side lobes
and fow picket fence losses but a very broad main lobe. Consequently the ability of the analyzer
to separate closely spaced low level modulation sidebands without resorting to the zoom facility
is limited. Figure 12 shows the spectrum obtained for the same recording calculated at ARL
using a Spectral Dynamics S12335 analyzer which has a resolution of 500 lines and uses Hanning
weighting. The greater resolution of the spectrum makes it possible to sec that extensive modu-
lation sidebands exist at an average spacing of about 43 Hz across part of the spectrum. Yet
examination of the spectrum in Figure 13 obtained from inother Wessex gearbox reveals similar
modulation sidebands, although at slightly lower level, caused by the transmission errors in the
gear. If modulation sidebands can be seen in the spectrum of a normal gear, how can a quanti-
tative assessment of the condition of a gear be made?

One solution would be to reduce the many modulation sidebands present in the spectrum
to a single peak which can be quantified by a single number. Cepstral analysis is 4 non-lincar
digital signal processing technique which was originally developed for the deconvolution of
signals [13] but which can be used to search for patterns of modulation sidebands in a spectrum
[14], producing a single line in the cepstrum at the frequency of the sideband spacing.  But
cepstral analysis is also affected by the weighting function, by additive noise, the presence of
harmonics of the meshing frequency and by the resolution of the spectrum. A detailed analysis
of its application to gear vibration is still being performed {15]. While the cepstrum may con-
tribute in the future 1o the assessment of the spectrum there are many aspects of its use which
are uncertain at present.




3, SIGNAL AVERAGING OF GEAR VIBRATION
3.1 Introduction

Originally almost all vibration analysis was performed in the time domain, simply because
that was the only commonly available means. By the study of records such as Askania Vibrograph
tapes it was possible to separate components of different frequency, albeit sometimes with
difficulty. The development of spectrum analyzers, firstly the swept-sinc analyzer, then the
time-compression analyzer and finally the fast Fourier transform (FFT) analyzer, has made the
study of the frequency spectrum of a vibration signal possible and made it easy to identify com-
ponents at different frequencies in the spectrum. But a single gear pair can produce many fre-
quencies, including the fundamental and harmonics of the tooth meshing frequency and modu-
lation sidebands spaced at multiples of the rotation frequency of cach of the gears. In a complex
system some overlap of the components produced by cach of the gear pairs must be expected
and before the condition of the system can be assessed, the contributions of each gear pair must
be separated. At present this is usually performed by a trained analyst who examines the spectrum.
For simple gearboxes separation is relatively simple as there are only a few sets of meshing
frequencies and harmonics [3-6], but for complex gearboxes with many gears and hence many
more components, separation is correspondingly more difficult, particularly with the limited
resolution provided by some analyzers.

Fortunately a technique called signal averaging offers an alternative to analysis in the fre-
quency domain and provides the ability to separate the contributions of a single gear from the
vibration of a complete gearbox, a task which in the vibration spectrum requires an analyst
with considerable experience. The signal average produces a result in the time domain which
may be presented as a graph of the vibration produced during one revolution of the gear of
interest, including any variations in the pattern of the vibration during one revolution. There-
fore the analyst can see whether modulation is occurring and should be able to recognize local
defects such us fatigue cracks. There is no longer the need for extensive experience simply to
separate the components, nor the need for a prior knowledge of the spectrum of a sound gearbox,
as the signal average for a gear with a local defect contains the vibration from both the sound part
of the gear and from the defective part. In principle, no other standard should be necessary,
making it conceptually possible to decide the condition of the gear from a single obscrvation.

3.2 Calculating the Signal Average

Figure 14 shows a schematic diagram of the equipment required for calculating the signal
average of the vibration of a gear. A transducer such as an accelerometer is fitted to the gearbox
case near the gear of interest, which in this example is marked 4. The signal from the transducer
is amplified and low pass filtered to remove high frequency components which are not required.
A photoelectric or electromagnetic sensor fitted to the shaft on which gear 4 is mounted generates
one electrical pulse during each revolution of the gear, so that the pulse train is locked in phase
with the rotation of the gear. The signal averager itself may be a piece of purpose-built hardware
or the operation may be performed by a small computer. On the first pulse after the start of
averaging the instrument begins to sample the vibration signal, converting the analogue signal
from the niter to a digital number which it stores in the averager memory. It continues to sample,
convert and store throughout the remainder of the revolution. On the second pulse, the averager
imitiates sampling and conversion again, but this time stores the converted data in a separate
block from the first. This process is repeated over many revolutions producing many blocks
of data stored in the averager memory, with each block corresponding tc the vibration produced
by the gearbox during one revolution of the gear of interest. Then a process of ensemble averaging
is performed. The value of the first sample in every block is added and divided by the total number
of blocks to give the average value, which is stored as the first result in the output block. The
process is repeated for the second sample in every block and the result stored in the second place
in the output block. After repeating the process for all the samples in the block, the result is the
signal average. If sufficient averages have been taken then all the vibration from the gearbox
which is asynchronous with the rotation of the gear of interest will cancel out, feaving only the
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vibration which 1s syachronous with that gear, namch the tooth meshimg frequency and ts
harmonics and aay modulation sidebands present.

Figure 15 illustrates the effect of sieril averaging on a signal which is composed of a sine
wave mixed with random noise having u peak to-peak amplitude which is ten times that of the
sine wave. In the original signal the sine wave cannot be discerned, but by performing signal
averaging synchronized with the output of the oscillator which produced the sine wave, the latter
can be extracted. The output of the white noise generator is not synchronous with the oscillator
and so its effects can be reduced by averaging. After 100 averupes the form of the sine wase
can be recognized, and after 10 000 averages the sine wave is nearly frec of noise. For the rejection
of broad band noise in this manner, doubling the number of averages improves the signal to
noise ratio of the signal average by a factor of 2 [16]. Fortunately the estraction
of a signal from noise which consists primurily of discrete frequencies, as in a gearboy, can be
achieved with & much smaller number of i erages.

So far in this section signal veragmg has ondy veen considered gualitatively in the time
domain but it can be shown that signal averaging s vquinalent to a process of comb filtering in
the frequency domain [16]. A comb filter has a series of pass bands of identical shape at a uni-
form frequency spacing so that the transfer function of the fifter i the frequency domain re-
sembles the teeth of a comb. When signal wveraging is applied to the vibration of a gear, the
teeth of the comb will be separated by the shalt rotation frequency. Sigaal averaging in the time
domain is equivalent to multiplying the spectrum of the incoming signal by the comb spectrum
thus passing only those frequencies which concide with the comb teeth. namely the tooth mesh-
ing frequency and its harmonics together with all the modulation sidebands at the shaft rotation
frequency. Increasing the number of wverages tuhen reduces the width of the comb teeth and
increases the depth between the teeth [16] thus making the comb filter more selective. Figure 16
shows the effect of increasing the number of averages on the shape of the teeth of the comb
filter. After & averages the tooth half-width is 1 .V of the tooth spacing.

3.3 Frequency Multiplication

In the above explanation it has been assumed that the gear rotated at an exactly constant
speed and that sampling of the vibration signal occurred at a constant frequency, but in practice
it is unlikely that the speed of a gear will remain exactly constant for more than a very short
period of time. If the sampling frequency remains constant and the gear speed varies then the
signal average, and particularly the later part, will become corrupted. Hence it is more usual to
synchronize the sampling frequency itself with the frequency of the gear rotation so that if the
machine speed increases or decreases then the sampling frequency will change also to compen-
sate. One possible method of synchronizing the sampling and rotation frequencies is to generate
many equispaced pulses per revolution of the gear using an electromagnetic or optical shaft
encoder.  However it is rarely consenient to generate more than a few pulses per revolution
except under laboratory conditions.  Instead an clectronic instrument called a phase-locked
frequency muitiplier is used which daecepts an input signal of one pulse per revolution of the
gear and produces an output with the required number of pulses per resolution locked in phase
with the input signal.  Figure 17 shows a schematic disgramy of the principal components of a
digital phase-locked frequency multiplier. The signal from the input pulse train and the output
of the divider having a ratio M enter a phase detector which determines the phase difference
which exists between the leading edges of these signabs and produces an crror signal consisting
of positive or negative pulses depending on the sign of the phase error and whose width is pro-
portional to the magnitude of the phase error. The error signal is smoothed by a fow pass filter
to produce a steady voltage which drives o voltage-controlled oscitlator (VCO). The frequency
of the pulse train produced by the VOO is proportional to the input control voltage. The output
of the VCO passes to the divider A and also to th divider D the output of which provides
the output signal of the frequency multiplier. It the phase of the input signal advances slightly
ahead of the output of the divider M then a positinve error signal will be generated which will
increase the output frequency of the VOO and advance the phase of the output to match the
input. The output of the divider 3 thus follows the change in phase of the input signal.  the
reverse happens when the phase of the mput signal retards slightly. In this manner the loop is




in principle able to track phase and frequency changes in the input signal. The ability in practice
of the loop to capture and follow the input signal is determined by the gain of the phase detector,
the characteristics of the low pass filter, the divider ratio M, the gain of the VCO and the rapidity
of the changes in the input signal. Because the output of the VCO is divided by M before input
to the phase detector, the toop will stabilize at a VCO frequency which is M times the input
frequency, so that the output of the loop from the divider 2 is M D times the input frequency.

It is common to process the signal average by computer, often involving calculation of the
fast Fourier transform (FFT). The FFT is calculated most efficiently when the number of samples
being transformed is an integer power of two, such as 64, 128, 256 or 512, therefore to reduce
processing time it is common practice to select the number of sumples per revolution of the gear
to meet this criterion.  For the input spiral bevel pinion which has 22 teeth, it is sufficient to
resofve the tooth meshing vibration up to the fifth harmonic of the tooth meshing frequency,
that is, at 110 cycles per revolution, or 110 shaft orders. Resolution of a signal at any frequency
requires at least two samples per cycle, which in this case means 220 samples per revolution
of the input pinion. Rounding up this number ta the next largest power of two yields a mipimum
of 256 samples per revolution. In principle it should be possible to process the vibration of the
i" put bevel pinion in the Wessex using a phasc-locked frequency multiplier with A7 256
and D — I, but in practice it is found that if the input signal contains some rapid frequency
changes it is advisable to factorize a large value of M into several separate multipliers in series,
each having a lower value of A,

Often it is not possible or convenient to obtain a pulse signal from the shaft on which
the gear of interest is mounted, and this is the situation in the Wessex where the input shaft
is not readily accessible. It is then necessary to take a pulse signal from another shaft in the
system and to convert the frequency by appropriate selection of the values of M and D to obtain
the sampling frequency required. In the Wessex aircraft the output of the alternator is available
from power outlets in the cabin, and as the main rotor operates at a nominally constant speed
no governor is fitted to the alternator, the output frequency of which is therefore directly pro-
portional to the rotation frequency of the input pinton.  During vibration monitoring flights,
the alternator signal has been routinely recorded on channel 4 of the RAN Bruel and Kjaer
7003 recorder for several years to enable use of a Spectral Dynamics SD308-6 tracking adaptor
with ARL's Spectral Dynamics SD335 spectrum analyzer. A four-stage phase-locked frequency
multiplier has been designed and constructed specifically to take the alternator signal replayed
from the tape recorder at -5 inches per second and produce a sampling signal at 256 pulses per
revolution of the input bevel pinion in a form which is suitable for controlling the sampling of
the vibration signal by a small computer [17]. This cquipment forms the basis of a proposal
for the routine application of signal averaging to the monitoring of the Wessex input bevel
pinion [I8].

Unfortunately there have been problems replaying some of the carly tapes, including the
four recordings made for gearbox WAK 143 prior to failure. due to the excessive signal level of
the alternator input to the tape recorder ciusing distortion of the recording which cannot be
eliminated by filtering.  This problem has since been overcome by the adjustment of the input
attenuator on the RAN recorder and all subscquent tapes can be reproduced satisfactorily.
but the analysis of the affected recordings has required special measures to be taken, It has
been found that by bund pass filtering the recorded vibration signal, not the alternator signal,
in the range 1800 to 1900 Hz about the second harmonic of the mput besel pinion tooth meshing
frequency using a Waveteh Rocklund 751A filter which has a vecy sharp rolloff of 115 dB:octave,
it is possible to obtain 4 clean signal with a frequency proportional to the rotation frequency of
the gear. The spectrum of the signal after filtering s given in Figure 1% and it can be seen that
the combination of the strong second harmonic and the sharp cutofl characteristic of the filter
has been sufficient to depress the modulation sidebands about the meshing harmonic ~o that the
largest sideband is approximately 18 dB below the peak.  This is most important because the
presence of significant sidebands here could have modulated the sar-pling signal and so pro-
duced spurious sidebands in the signal average.  The filtered signal was passed to Spectil
Dynamics SD134A Tracking Ratio Tuner. which contains a single-stage phase-locked frequency
multiplier enabling multiplication i the range | to 2000 and division in the range 1 to 9999.
The filtered vibration signal was multiphed by (2% and dinvided by 11 to produce 512 samples
per revolution of the input bevel pinion gear. Unfortunately it was not possible to use this tech-
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nique on the vibration signal obtained from all of the Wessex gearboaes as 1ts successiul apph-
cation required a large meshing vibration component with an amplitude well above that of the
background signal. This was not always the case, but did enable the signal averaging of the
recordings of WAK143 which would not have possible othery ise due to the distortion of the
recorded alternator signal.

3.4 Computer Implementation

The signal averaging of the Wesses recordings was performed by a Digital Equipment
Corporation (DEC) ST computer with & Datel Intersih Sinetrac 1812 analogue-to-digital
converter board, runmng under the DEC RT-11 real-time operating system. Al Programs were
written an the igh-level language FORTRAN with the exception of the subroutines to perform
the signal averaging which were writen i the DEC assembly language MACRO to provide
sufficient provessing speed. Early versions of the programs were separated into two roles, firstly
the caleulation of the signal wverage, and secondiy 1ts subsequent analysis. The signal averaging
program accepts digitized samples of the vibration signal produced by the analogue-to-digital
converter at the leading edge of the pulses from the frequency multiplier and caleatates the signat]
average for a speaiticd number of samples per revolutions and number of averages. These cal-
culations are performed using double-precis.on integer arithmetic to prevent arithimetic overfiow
during accumulation of the average. The resulting signal average is displaved on a computer
terminal wath a graphics capability and can be stored on a dise file for subsequent analysis.

3.5 Signal Average of WAKI143

Figure 19 shows the signal average of the vibration of the input bevel pinion of gearboy
WAK I3 caleulated using the computer and the band pass tiltered vibration signal with the
Spectral Dynamiey SPI3A Frequenes multiplier as described. Ttwas derived from the last RAN
recording on tape 29 83, made about two months prior to fatlure, at 1970-3 hours since new,
orapproximately 42 bours before faifure. The torque meter pressure was 300 psi and 256 averages
were taken. The signal average shows at first the normal pattern of vibration at the second
harmonic of the tooth meshing frequency. giving 44 cycles per revolution. Near the centre of
the trace there is a transient as the cracked part of the gear meshes with the crownwheel, atter
which the perturbation deciys slowly and the trace returns to the normal meshing pattern.
For comparison Figure 20 shows the signal axverage for the input bevel pimion in another Wessey
gearbox, in which there is some modulation of the meshing vibration but no sharp transients
are present. Therefore itis clear that a simple visual inspection of the signal average at 42 hours
before failure can give a positive indication of the abnormal meshing hehaviour which is oceur-
ring. From Figure 3 1t can be estimated that the crack muy have been more than 25 mm jong
and 3 mm deep at this time.

Figure 21 shows the signad avergge of the input pinion in gearhon WAK 143 sade from the
second last RAN recording on tape 14 %3, at 19095 hours sinee pew or appronimately 103 hours
or five months before failure. The torgue meter pressure was 40 psiand 256 averages were
taken. The normal pattern of sibration appears at the second harmonic of the tooth meshimg
frequency with some slow modulation present. but there is no transient and no indication of
abnormal meshing as was seen e Prgure 19, This signad average is virtally indistinguishable
from the signal iwverage of the sound gear sean i Figure 20 vet it can by estimated from Frgure 3
that the crack muy have measured approvomiately 200mm long by F 2 mon deep at the time of
this recording.  {t would theretore seem that the crach cannot he detected by sample visual
inspection of the signal average at 103 ours before Endure, and that the varliest warmng which
might be expected would be between 103 and 42 hours betore fadure. Certandy this warmng
15 useful, but 1f 25 operating hours s taken as the tpical interval between vibration recordings
which are made i service, there may be only one of 4t most two chances to deteet the erack
Earlier warning of the presence of the crack would seem highly desirable




4. ENHANCEMENT OF THE SIGNAL AVERAGE
4.1 Introduction

1t s interesting to consider why there should be no visible evidence of the crack in the signal
average produced from the recording of gearbox WAK 43 at 103 hours before failure when the
crack may have measured 20 mm by -2 mm at this time. The answer becomes clear when
the amplitude spectrum of the signal average, shown in Figure 22, is examined. Because the
signal average 1s exactly periodic in the time domain the spectrum is a pure line spectrum, free
of the problems of weighting functions and side lobes discussed previously. The horizontal
axis of the spectrum is graduated in multiples of the shaft rotation frequency, known as shaft
orders, so that the fundamental of the tooth meshing frequency appears at 22 shaft orders,
although it has only a small amplitude. At 235 shaft orders there is a larger component which
is not related to the tooth meshing but at present is believed to be what is called a ghost com-
ponent caused by transmission errors in the gear originating from errors in the machines used
for gear manufacture. Ghost components are noi common but ate occasionally repor d [14]).
The largest component in the spectrum is the second harmonic of the tooth meshing frequency
at 44 shaft orders with an amplitude of 6-4 g, approximately seven times the amplitude of the
next largest component. About the second harmaonic there exists a cluster of modulation sidebands
which extend from approximately 30 shaft orders to 58 shait orders. Modulation sidebands
are also present about the other meshing harmonics but at a lower level. Note that all the modu-
lation sidebands are very small, and that the component at 44 shaft orders has an amplitude
about 10 times that of the fargest sideband, which is smaller even than the ghost component.
It 15 the low level of the modulation sidebands relative to the major spectral components which
explains why there 15 no visible evidence of the crack in the signal average. The modulation is
only very shght compared to the amplitude of the second harmonic of the tooth meshing fre-
quency. To enable the crack to be detected in this signal average requires enhancement of the
average by some techmque of digital signal processing in order to extract the relevant information.
Several techmiques have already been developed [19] and one of these will now be described.

4.2 Elimination

An enhancement technique hnown as FM4 [19] eliminates the major known components
from the spectrum. including the fundamental of the tooth meshing frequency and its harmonics
and possibly some of the modulation sidebands if necessary.  For example, in the case of the
Wessex input bevel pinion, the meshing harmonies at 22, 44, 66 shaft orders and so on could be
eliminated and possibly the modulation sidebands at 21, 23, 43, 45, 65, 67 shaft orders and so on.
For the elimination process to be successful, the user requires some experience of which com-
ponents are normally present in the spectrum and which components are more likely to represent
an abnormality, and these findings are likely to be different for cach different gearbox and gear
type.  After ehimination of the components from the spectrum, the corresponding time domain
signal 15 calculated.  Since the major meshing components have been eliminated it might be
ekpected that the remaining components describe the departures of the vibration from the normal
pattern of vibration.

The effect of elimination can be explored by eliminating the components at 22, 44, 66,
88 shaft orders and so on from the signal average for 103 hours before failure. The resulting
time domain signil is shown in Figuie 23 While there are still many apparenthy random fluc-
tuations present it is now possible to see a large oscillation near the centre of the trace which s
believed to be caused by the crack in the gear. This is a clear indication that enhancement of
the signal average can improve the ability to detect local gear defects.

4.3 Kurtosis

As discussed in an carlier section, one of the many problems with spectral analysis is that
the many modulation sidebands which may be produced by a local defect in a gear are difficult
to assess quantitatively so as to provide some measurabie resuit of the analyvsis. A similar problem
can exist with the assessment of the enhanced signal average, but fortunately the solution is
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much simpler because it can be assumed that a defect, if present, will usually be restricted to a
small part of the gear. Hence in the signal average the abnormal vibration will be restricted
to a small part on the revolution. Any technique for assessing the signal average should therefore
seek to quantify the damage by detecting any isolated peaks which may appear in the enhanced
signal average. Several parameters have been proposed for this purpose [19] including the crest
factor, which is the ratio of the peak-to-peak value of a signal to its root-mean -square value.
The crest factor is typically 2-8 for a sine wave and any increase in the peakimess of a signal will
increase the crest factor above this value. One shortcoming of the crest factor as a means of
assessing the enhanced signal average is its incorporation of the peak-to-peak value, as the presence
of a single very narrow peak will produce the same peak-to-peak value as a broader peak of the
same size. The root-mean-square value for the signal with the broader peak will be larger than
that for the narrow peak and hence the crest factor will be less for the broader peak than for the
narrow peak.

This can be overcome to some extent by the use of an alternative parameter which is the
normalized fourth statistical moment, commonly known as the kurtosis [20]. For a population
X the kurtosis K is given by the following equation:

K X -MYIN S )
where
N - number of samples

M mean value
S standard deviation

A normal or Gaussian distribution has a Kurtosis of 3-0 while for a stne wave the kurtosis is 1 -5,
The presence of any large isolated peaks in the signal produces larger tails in the distribution
of the samples and consequently increases the kurtosis.  This principle has already been used
successfully for the analysis of the vibration produced by rolling clement bearings with spalling
damage [21] and has also been applied to the assessment of enhanced signal averages of gear
vibration [19). Because the numerator of Equation | s derived from all of the values in the
population, unlike the peak-to-peak value in the crest fuctor, it does respond to multiple peaks.
Very broad peaks will increase the value of the denominator and bring about a reduction in the
kurtosis, but it does appear to be less sensitive ta this problem than does the crest factor,

4.4 Application

For the original signa} average shown in Figure 21 the kurtosis is caleulated to be |7,
falling in between the values of 1-5 for a sinusoid and 3-0 for a random signal. After enhance-
ment of the signal by removal of the meshing-related components as shown m Figure 23, the
kurtosis is 4-6. Hence the simple process of eliminating the meshing-related harmonics increases
the kurtosis noticeably. Recordings of the vibration of other Wessex gearboxes have been
analyzed in this manner. Most of the kurtosis values fall within the range 2-5 and 3-5. While
the kurtosis for WAK 143 at 103 hours before failure is outside the range presented for the other
gears, the chunge in kurtosis represents only a small departure, suggesting that the enhancement
procedure is not sufficiently powerful to make a clear distinction. A better enhuncement procedure
would be desirable.

4.5 Ghost Component

Tt will be recalled that Figure 22 showed a large spec ral component at 25 shaft orders which
is believed to be a ghost component resulting from errors in the manufacturing process. The
elimination of the meshing related components does not of course remove this ghost and yet its
amplitude is greater than the biggest of the modulation sidebands. I the ghost component
is eliminated as weli as the meshing components then the information contained in the modu-
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lation sidebands may be more apparent. The resulting enhanced signal average at 103 hours
before failure is shown in Figure 24. There is a noticeable improvement in the clarity of the
signal and an increase in the kurtosis from 4-6 to 6-6. This suggests that it may be important
to eliminate not only the meshing related components but also other large components which
may not be related to the modulation sidebands.

4.6 Conclusions

It has been shown that the application of some simple digital signal processing techniques
to the signal average can enhance the information produced by the local damage and can reveal
the presence of the crack which could not otherwise be detected. It has also been shown that the
enhanced signal average can be assessed using the kurtosis of the signal, as disturbances in the
enhanced signal average such as those caused by the crack can cause an increase in the kurtosis.
It was observed that the application of the same procedure to the signal averages of normal gears
revealed considerable scatter in the kurtosis. The difference in the kurtosis between the cracked
gear and the normal gears was not sufficient for a confident diagnosis of early cracks. So far
the arguments proposed to explain the principle of the enhancement procedure are only quali-
tative and no theoretical basis for it has been proposed. There has been no explanation of what
exactly the enhanced signal average represents and at present jt cannot be interpreted in terms
of the modulation which is caused by the crack in the gear.

5. NEW TECHNIQUE FOR ENHANCEMENT
5.1 Introduction

In the previous section it was shown that an existing enhancement technique can reveal the
existence of the crack in the input bevel pinion of gearbox WAK 143 when it was not visible in
the original signal average. Unfortunately this technique, developed empirically, has no firm
theoretical basis. In this section an alternative new enhancement technique [22] will be developed
which permits the interpretation of the enhanced signal in terms of the modulation produced
by the crack in the gear.

§.2 Development

Consider two gears which mesh under a constant load at constant speed, and assume initially
that all the teeth on the gears are identical and are equally spaced. The meshing vibration x(r)
of one of the gears may be represented by the fundamental and harmonics of the tooth meshing
frequency £,

M

W) Yy cos(2mmfy 1+ dy) (2)
"m 0

Now assume that the gear has a locat defect which will produce short term changes in the
ample feand phase of the meshing vibration as the defect goes through the mesh. These changes
are desernioed by the amphitude and phase modulation functions am(r) and bam(t) respectively,
and s these functions are periodic with the gear rotation frequency /<, they can be represented
by tintte Founer series

-~

dn(1) An CcOS(2mnf t + xm) 3)
" 0
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N
bm(t) = \ B cos(2mnf t + Bm) (4)
e
n-=0
The modulated gear meshing vibration y(¢) is given by:
M
M) - N X (1 + aml1)) cos2mmfy ¢+ dm+bm(r)) (5)
m 0

In the frequency domain, the Fourier transform of the above function will comprise the
fundamental and harmonics of the meshing frequency surrounded by modulation sidebands,
and unless the number of teeth 7> 2N there will be interference between the high-order side-
bands of adjacent meshing harmonics. The extent of this interference will depend on the form of
the modulation, which determines the strength of the high-order sidebands, and also on the rela-
tive amplitudes of the meshing harmonics. A strong meshing harmonic of amplitude Xm will
produce corresponding strong sidebands.

If the signal average is band pass filtered about one of the meshing harmonics m with a
bandwidth W, then provided the amplitude of that harmonic is much greater than its neighbours,
the interference from the sidebands of the neighbouring harmonics will be small. 1f the filter
bandwidth is chosen so that W<2(T N)/f then the sidebands from neighbouring meshing
harmonics will be completely excluded from the pass band. However if the bandwidth W <2Nf,
then some of the high order sidebands of the selected harmonic will be excluded from the pass
band. On the other hand, selecting W' -~ 2N/, will pass all of the desired sidebands, and some of
the interfering sidebands as well. However, if it is assumed that the amplitude of the selected
meshing harmonic is much greater than the amplitude of the neighbouring harmonics, then the
interference will be small, and the filtered signal can be approximated by:

Zm(f) = X (1 +andt})cos ‘277/7![\ t+dm +hm (1)) (6)

This function describes the vibration which is produced at the contact area of the gear
teeth. Unfortunately, direct measurement of this vibration is rarely practicable, and it is usual
to measure the gear vibration with a transducer mounted on the exterior of the gearbox casc.
The vibration from the contact area must therefore pass through the gears, shafts, bearings and
case before reaching the transducer. Consequently the broad band vibration may be modified
considerably by the transfer function between the gear teeth and the transducer, and there is
no simple technique for removing these effects. It will be assumed here that the changes in the
transfer function across the bandwidth W of the band pass filter are small and can be neglected.
It is shown in the Appendix that provided 'bm (1) | €= and !am (t). bn(t) | <1, then zm(f)
can be approximated by:

Zm (1) = Xm [cos 2nmfy t +dm)

+am (1) €os (2mmfy 1+ dm) - bm (1) sin (2momfx 1+ dm)} (@]

The filtered residual rn, (t) is obtained by subtracting the meshing component at frequency
mfx from the band pass filtered vibration:

Fea (£) = Zm (1) X cos (2mmfx 1+ dm)
~ X [am (1) cOs Qrenfx 1+ dm) —bm (1) sin Qrmfx 1+ dm)}
- X am? (1) +bm2 (1)

cos (2omfy t+dm - tan ! (b (f)/am (1)) (8)

1




Note that the filtered residual still contains vibration at the frequency mfi which was passed
by the band pass filter, even though the meshing harmonic itself has been eliminated. To remove
this vibration, the envelope en, (1) of the filtered residual can be calculated:

emil) > Xm am? (1) +bm? () )

Hence by band pass filtering the signal average, climinating the dominant meshing harmonic
and enveloping, a function is obtained which is directly related to both the amplitude and phase
modulation.

5.3 Application

Figure 22 shows the spectrum of the signal average for gearbox WAK143 at 103 hours
before failure. The largest component occurs at 44 shaft orders, the second harmonic of the
tooth meshing frequency, and about this component there occurs a large cluster of modulation
sidebands which decrease in amplitude with increasing separation from the central peak. On
the low frequency side of the second harmonic the sidebands reach a minimum at about 30 shaft
orders, presumably where the sidebands from the fundamental meshing component and the
second harmonic meet. There is a corresponding point on the high frequency side of the second
harmonic at about 58 shaft orders. Both of these minima are 14 shaft orders above and below
the second harmonic at 44 shaft orders. In terms of Equations 3 and 4, m = 2 and N = 14.
The signal average can be band pass filtered by setting the amplitudes of all the spectral lines
which lie outside the range 30 to 58 shaft orders inclusive to zero and calculating the corre-
sponding time domain signal from the modified spectrum, giving the result shown in Figure 25.
The filtered signal average has a much cleaner appearance than the original signal average in
Figure 21 because the high and low frequencies outside the pass band have been removed. There
is some stow modulation of the signal but no transients. The kurtosis of the filtered signal is
1-6, which is close to the value of 1-5 expected for a sine wave because the filtered signal is
dominated by the meshing harmonic at 44 shaft orders.

The second step in the enhancement process is to eliminate the meshing harmonic by setting
the amplitude of the component in the spectrum at 44 shaft orders to zero and calculating the
corresponding time domain signal from the modified spectrum to give the resuit shown in
Figure 26. There can now be seen a large oscillation near the centre of the trace which is similar
to that seen in Figures 23 and 24. The kurtosis of this signal is 7-0 with the increase being caused
by the oscillation. Note that the frequency of the oscillation is 44 shaft orders, even though the
component at 44 shaft orders was eliminated from the spectrum. This is an example of modu-
lation with complete suppression of the carrier. The oscillation does not provide any additional
information and it is only the envelope of the signal that is of interest. The envelope can be
calculated using the Hilbert transform of the signal (23] as follows. Firstly calculate the forward
Fourier transform of the signal and then set the amplitude of all the spectral components at
negative frequencies to zero and double the amplitudes of the spectral components at frequencies
above zero while leaving the component at zero frequency unchanged. In this way a complex
spectrum has been created from the original real spectrum. Then calculate the inverse Fourier
transform of the complex spectrum, giving a result which is 2 complex time domain signal called
the analytic signal [23] which can be viewed as a rotating vector as shown in Figure 27. The real
signal which is observed in practice can be considered as the projection of the analytic signal
onto the plane formed by the real and time axes. The imaginary part is the projection onto the
plane formed by the imaginary and time axes. The envelope of the real signal is given by the
amplitude of the rotating vector which can readily be obtained from the real and imaginary
signals using Pythagoras® theorem. All of the above procedures can be readily implemented on
a small digital computer using the fast Fourier transform.

The envelope calculated from Figure 26 is shown in Figure 28. The original oscillation
seen in Figure 26 has been replaced by a large peak near the centre of the trace providing clear
evidence of the existence of the crack in the gear at this time. The kurtosis of the enveloped
signal is 9-2, a very large increase over the kurtosis which was obtained previously. Note also
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the presence of the other low level peaks which occur elsewhere 1n the enhanced signal. There
are several possible sources for these peaks, the first being that they are caused by genuine ampli-
tude and phase modulation produced by transmission errors in the gear, and as these errors are
essentially random the background peaks have a random appearance. The second possibility
is that they are systematic errors caused by the approximations in the analysis, including the
truncation of the high-order sidebands which fall outside the pass band of 30 to 58 shaft orders
and also the admussion of high-order sidebands of other harmonics of the meshing frequency.
They also may be caused by the additional non-linear terms present because the modulation
may not be small and consequently the approximations in Equation 7 may not be strictly valid.

Band pass filtering of the signal average can restrict the resolution of features in the enhanced
signal due to the limited number of frequency components which are passed. In this instance
the filter has a half-width of [4 shaft orders, while the input bevel pinion has 22 teeth and a con-
tact ratio which is greater than |5, Any reduction in the stifiness of one tooth due to a crack
will affect the meshing of the adjacent teeth as some of the load which cannot be borne by the
cracked tooth is transferred.  The afTected region may extend to the width of the contact region
and thus exceed 1-5x1°22 or approximately 1.14 revolutions wide. Therefore it would seem
reasonable that a Alter half-width of 14 shaft orders should be more than adequate to resolve
the affected region.

Note that the amplitude of the peak in the enhanced signal average may not be important.
The amplitude is directly proportional 1o the amplitude of the meshing harmonic Xm as shown
in Equation 9, but so will be the amplitude of other peaks in the enhanced signal. More important
than the absolute amplitude is the detection of any isolated peaks which appear above the re-
mainder of the enhanced signal and it would appear that the kurtosis may be able to do this.

5.4 Other Gearboxes

Although the spectrum of gearbox WAK 143 was dominated by the sccond harmonic of
the tooth meshing frequency this is not so for all other gearboxes. Most have a dominant funda-
mental tooth meshing frequency in which case separation can be performed by band pass filtering
in the range 8 to 36 shaft orders and eliminating the component at 22 shaft orders, thus main-
taining the half-width of the filter the same at 14 shaft orders. If any other harmonic of the mesh-
ing frequency was dominant the appropriate procedure could be applied. Recordings of the vibra-
tion of other Wessex gearboxes have been analyzed in this manner, and most kurtosis values
fall within the range 1-9 to 3-3, with the majority of the values lying between 2-0 and 3-0.
In isolated instances values as high as 4-5 have been obtained repeatedly from normal gears
but these are considered to be exceptional. The majority of the values for normal gears are far
removed from the value of 9-2 achieved carlier for the cracked gear. The effectiveness of the
new technique of enhancement compared with the traditional enhancement technique can be
seen in the greater change in the kurtosis achieved for the same signal average.

6. DEMODULATION OF THE SIGNAL AVERAGE
6.1 Introduction

In the previous section a new enhancement technique for signal averages was described in
which the result obtained incorporated both amplitude and phase modulation terms.  Several
approximations made in the analysis limited the direct applicability of the theory to small values
of modulation. [n this section the analysis will be extended to show that the signal average of the
gear vibration can be completely demodulated enabling the separation of the amplitude and phase
modulation terms [24]. This new technique is not restricted to small modulation, and demon-
strates the great importance of phase modulation.
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6.2 Development

As described in Section 5.2, the signal average of the vibration generated by a gear after
band pass filtering about one of the major meshing harmonics is given by:

Zm {1} = Xm (1 +am (¢)) cos QuemTfi 1+ dm+bm (1)) (10)

The equation for =y, (t), which was expressed as a cosine function, can be viewed as the real part
of a complex function ¢m (7) known as the analytic signal and defined by:

m (1) :Zm(”"jH(Zm(”) (1)

where H (zm (t)) is the Hilbert transform of zm (1) [23]). In Figure 27, the analytic function
is shown as a rotating vector with the real part =i (1) being the projection of the vector on the
real plane defined by the time axis and the real axis. As time progresses, the vector rotates
about the time axis with an average rotation frequency of m7f;. By substituting Equation 10
into Equation 11, it can be shown that:

cm () = X () +am (1)) /25Tt dntbmit) (12)

It is clear from the above that the length of the vector is subject 1o variations Xm am (1)
due to the amplitude modulation, while the uniform rotation of the vector is disturbed by phase
variations bm (1) due to the phase modulation. Estimates of the modulation functions am ()
and bm (1), subject to the assumptions and approximations in deriving Equation 10, can be
readily obtained by:

am (1) - |"m () {Xm | (13)

bm (1) - arg(cm (1)) (2omTfut +ém) (14)

6.3 Application

The new demodulation techniqueis demonstrated by applying it to the signal average obtained
from the recording made at 103 hours before failure which was shown in Figure 21. The filter
pass band is set to cover the range 30 to 58 shaft orders inclusive, as for the enhancement tech-
nique already described. Firstly the amplitudes of all spectral components outside the range
30 to 58 shaft orders are set to zero. Secondly, the amplitudes of all spectral components at
negative frequencies are set to zero and the spectrum is translated to locate the component which
was at 44 shaft orders to 0 shaft orders. The original real spectrum has now been converted to a
complex spectrum because it is no longer symmetrical about zero frequency. The complex spectrum
is then converted to the time domain by the inverse Fourier transform to give a complex signal
which describes the analytic vector, except that translation has removed the uniform rotation
of the vector and so the vector remains approximately stationary. Amplitude modulation of the
meshing vibration causes the length of the vector to vary while phase modulation causes the
vector to rock back and forth. The amplitude and phase of the vector can be calculated from the
real and imaginary components.

Figure 29 shows the amplitude of the vector calculated from the signal average at 103 hours
before failure. It shows that small random variations occur in the amplitude but there is no
marked change at the location of the defect. This is to be expected since no strong amplitude
modulation was seen in the original signal average. The phase of the vectot is shown in Figure 30.
Small random variations are also seen but there is also a marked phase lag of approximately
60 degrees at the location of the defect. This is an extremely interesting result as it suggests that
the very early indications of a crack may be first given by the phase modulation. The crack re-
duces the stiffness of the affected teeth causing deflection of the tecth under load, delaying the
generation of the vibration by those teeth and so producing a phase lag. A lag of approximately
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60 degrees at 44 shaft orders corresponds to a delay of approximately | -5 degrees at the shaft
rotation frequency. The phase modulation cannot be readily discerned in the original signal
average without prior knowledge. Assessment of the original signal average is usually based on
the detection of amplitude modulation by such parameters as the crest factor and the kurtosis
which are ill suited to the detection of phase modulation. On'y enhancement by the old [19)
or new [22] methods makes possible the detection of the phase modulation.

Demodulation can also be applied to the signal average obtained for the recording made at
42 hours before failure which was shown in Figure 19. Using the same analysis technique, the
amplitude of the vector is shown in Figure 31, and it can be seen that the amplitude falls to
nearly zero at two locations. The phase of the vector is shown in Figure 32, indicating that there
is a complete reversal of phase at one location representing a loss of 360 degrees. In this instance
the separate amplitude and phase diagrams are difficult to interpret, but they can be combined
into a single polar diagram with the tail of the vector fixed at the origin. As time passes the head
of the vector traces out a locus which is shown in Figure 33 for the recording at 103 hours before
failure and in Figure 34 for the recording at 42 hours before failure. Both traces have been oriented
so that the average phase is set to zero thus lying along the real axis. A decrease in phase causes
the vector to rotate clockwise about the origin. For a gear in undamaged condition it would be
expected that the locus would be confined to a compact bundle about the real axis because the
amplitude and phase modulation would be small. For the early crack in Figure 33 the locus
departs clockwise from the bundle and rotates approximately 60 degrees indicating a phase lag
with little variation of amplitude, while for the advanced crack in Figure 34 the locus again departs
clockwise but does not return as soon as for the early crack. [nstead, the locus completely en-
circles the origin in a clockwise direction, with the amplitude falling close to zero as the phase
reversal occurs and then increasing. This produces the first dip in the amplitude signal shown
in Figure 31. The phase reversal in Figure 32 occurs when the locus crosses the negative real
axis. After the first loop about the origin, the locus nearly completes a second loop with the
amplitude again falling nearly to zero before returning to the bundle. The complete loop indicates
the complete loss of 360 degrees of meshing vibration, which can be interpreted as the loss of
one cycle of the second harmonic of the meshing frequency. The completion of the second loop
about the origin, had it occurred, could have been interpreted as two cycles of the second harmonic
missing, and could have implied that one tooth on the gear was carrying no load at all.

7. EXCITATION OF RESONANCES BY GEAR TOOTH IMPACTS
7.1 Introduction

All of the techniques considered so far have concentrated on the analysis of the vibration
at the tooth meshing frequency and its harmonics, searching for modulation of the meshing vibra-
tion. In addition to the modulation of the tooth meshing, it is known that local defects in gears
such as surface pits and fatigue cracks can also produce impulses or impacts with energy over a
wide frequency range [14,25,26]. This section revicws the characteristics of such impacts
and then examines the use of the signal average for the isolation of the low frequency vibration
generated by gear tooth impacts and its application to gearbox diagnostics.

7.2 Development

A simple model has been proposed [14] in which the vibration produced by gear defects
is expressed in terms of the amplitude and frequency modulation of the normal gear meshing
vibration plus additive impacts, and it has been suggested that most local defects will generate
both of these effects. In the frequency domain, the components produced by the impacts may be
observed at fow frequencies and/or dacross the spectrum. Spalling damage of gear ieeth has also
been detected from the impacts produced [25]. The signal average of the gear vibration is the
superposition of the tooth meshing vibration and the resonances excited by the impacts, and
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as some resonances may occur at comparable frequencies to the meshing frequency and harmonics,
adaptive signal processing techniques may be necessary to detect the resonances. Very high
frequencies, in excess of 25 kHz, have been detected from gears with fatigue cracks [26]. By
band pass filtering and demodulating this vibration, a pulse train is produced with a frequency
corresponding to the frequency with which the impacts occur. From thesce examples it is clear
that the frequencies excited by gear tooth impacts can extend from low to very high, probably
because the resonances excited by the impacts come from many different sources, including
the gears, shaft and bearings, the machine case, the vibration transducer and the signal condition-
ing equipment such as amplifier and filter.

The very high frequencies used for impact detection [26] are well above the normal gear
tooth meshing frequencies and so can be isolated very simply by a band pass filter. However
if the original vibration signal is to be recorded for off-line analysis, the very high frequencies
present will require a recorder with a large bandwidth. At the low frequencies sometimes used (25]
recorder bandwidth is unlikely to be a problem, but separation of the resonances from the gear
meshing vibration is more difficult. Nevertheless, the signal averaging approach has proved
to be very successful in the identification of gear defects. One factor in its favour is that the signal
average is exactly periodic in the time domain, permitting simple conversions between the time
and frequency domains without the need for weighting functions, thereby making possible the
filtering of the signal in the frequency domain. While the adaptive technique is successful, a
simpler alternative would be attractive. Given that impacts may be observed at low frequencies
[14], it should be possible to examine the signal average of the vibration of a gear for signs of a
resonance below the tooth meshing frequency, and in favourable circumstances, it may be
possible to isolate the resonance from the gear meshing and modulation sidebands by low pass
filtering the signal average in the frequency domain.

At this stage it is worth considering why impacts should occur. It has already been shown
that an early fatigue crack in a gear tooth will allow deflection of the tooth under load, resulting
in a phase lag in the meshing vibration of that tooth. While no format modef for the production
of impacts has been proposed, it is presumed that an carly fatigue crack only affects the stiffness
of a small sector of the gear, and that provided the sector is sufficiently small, there will always be
another sound tooth in contact to carry the foad. For this to be true the affected region must
be less than the contact ratio minus one. As the crack grows, the size of the affected region will
increase until it is greater than the contact ratio minus one, so that for a period of the tooth
engagement only the unsound tooth will be in contact. The exact behaviour then is uncertain,
but it may be that the greater deflection of the affected region will be sufficient to cause relative
misalignment of the following teeth on the two gears so that an impact is produced when these
teeth meet and resume their correct relative positions. Alternatively, it may be that as the pre-
ceding sound tooth ceases contact the affected tooth will be unable to maintain the same load
because of its reduced stiffness. The sudden reduction in the tooth contact force will be trans-
mitted as an impact through the gear to the bearings and then through the casing.

The detection of tow frequency gear impacts independent of the tooth meshing vibration
could be a useful contribution to machinery diagnostics by providing an indicator of the severity
of the damage to a gear [27). If impact generation is determined by the size of the affected region
relative to the contact ratio, then the presence of impacts implies that a crack is no longer small
but has grown to the stage where the load can no longer be borne by the adjacent tooth. The
larger forces associated with the impacts can be expected to accelerate the deterioration of the
gear.

7.3 Application

Figures 35 and 36 show the low frequency part of the vibration spectra produced from the
signal averages at 103 and 42 hours before failurc respectively. At 10? hours there are only low
amplitudes at multiples of the shaft speed, while at 42 hours before failure the spectrum has
changed considerably with the appearance of components of significant amplitude. Note in
particular the growth of the low frequency components in the range below IR shaft orders.
These are unlikely to be modulation sidebands from the fundamental meshing component at
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22 shaft orders because the amplitude of this component is too small, and they are very unlikely
to be lower sidebands of the second harmonic at 44 shaft orders because they are so far removed.
Presumably these components are a low frequency resonance 2xcited by the impacts.

To isolate the presumed resonance from the tooth mesting components, sidebands and
ghost component, both signal averages were filtered to pass components in the range 0 to 1§
shaft orders inclusive, giving the signals shown in Figures 37 and 38. Filtering was performed
in the frequency domain by setting the amplitudes of the spectral lines outside the pass band to
zero. The phase spectrum was not modified. On transforming back to the time domain, the
filtered signal was produced. Figure 37 shows only small random departures from the origin,
but Figure 38 shows a strong transient decaying oscillation consistent with a decaying resonance
with its leading edge located approximately at the location of the crack. Measurement of the
frequency of oscillation shows it 1o be close to 15 cycles per revolution, corresponding to the
largest spectral peak in the pass band.

While the transient oscillation is clear to the observer, it would be valuable to have a para-
meter which could be used to assess the condition of the filtered signal to assist with computer-
aided machinery monitoring. In carlier sections, the hurtosis has been used to assess enhanced
vibration data with success. For Figure 37 the kurtosis of the filtered signal is found to be 35,
while for Figure 38 the kurtosis is 6-9.

7.4 Discussion

The oscillation at approximately 15 cycles per revolution scen in the filtered signal average
in Figure 38 for the large crack was not visible in the signal average of Figure 19. This is probably
because several resoninces are present in the signal, but are difficult to recognize in the spectrum
of Figure 36 against the strong meshing components and modulation sidebands. The summation
of all the resonances present would give a very different waveform from that in Figure 38, with
a better defined leading edge. 1f the transfer function or frequency response of the system be-
tween the gear tooth contact and the vibration transducer was uniform and complete elimination
of the meshing components aud their modulation sidebands was possible, then the shape of the
observed impact would approach that of an ideal impulse. It is the resonances in the trans-
mission path, apparent as local peaks in the transfer function, which produce the oscillation
when excited by an impulse, demonstrating the importance of the transfer function on the
successful detection of low frequency impacts. It has been shown [7] that the location of the
transducer can affect the measured tooth meshing component and modulation sidebands, and
similarly poor transmission of the vibration at frequencics below the fundamental tooth meshing
frequency could impair the detection of impacts.

Machine mounting conditions may also affect the low frequency transmission character-
istics. The data presented here were obtained from a gearbox mounted in an aireraft. The spectra
of signal averages obtained for another cracked gear of the same type in a gearbox mounted
in a test bed instead of an aircraft [28] showed that most of the components at frequencies below
the third harmonic of the meshing frequency were suppressed, probably due to the stiffer mounting
of the gearbox. Low pass filtering of these signal averages in the range 0 to 18 shaft orders
did not produce a transient oscillation, hence it would appear that a strong low frequency
resonance is necessary for the proposed technique to work.,

Another major factor to consider is the strength of the tooth meshing vibration. In the
example presented here the fundamental meshing component at 22 shaft orders is very small,
and consequently the modulation sidebands about it are small. This permits the low pass filtering
up to 18 shaft orders, close to the fundamental meshing component, yet still giving good separa-
tion of the resonance. The meshing component itsell can be readily eliminated from the spectrum,
but had the meshing component been larger, then ary sidebands present about it would have
intruded into the range below 18 shaft orders and prevented proper isolation of the resonance.
In practice, it is likely this intrusion will occur. Fortanately many resonances may he excited
at higher frequencies, cven above the higher harmonics of the meshing frequency. Previously
spectrum analysis has been used to examine the pulse produced by isolating and demodulating
these high frequency resonances [26), but signal averaging of the modulated resonances could
also be used. It is hoped that this aspect can be investigated in a future work.
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7.5 Conclusions

The vibration produced by gears with local defects such as advanced fatigue cracks may in-
clude resonances at low frequencies which are excited by impacts between the gear teeth. In
favourable circomstances it is possible to isolate one or more of these resonances from the tooth
meshing vibration and modulation sidebands by low pass filtering the vibration signal so that the
filtered signal displays a damped oscillation which commences at the location of the fatigue
crack. The successful application of the technique depends on the form of the transfer function
between the gear teeth and the transducer, and on the strength of the fundamental tooth meshing
component. The existence of a strong resonance at a low frequency will assist in the detection
of impacts, while the absence of a strong component at the fundamental tooth meshing frequency
wilf enable better isolation of the resonance from the meshing component and its sidebands.
While both of the above conditions exist in the recordings of gearbox WAK 143, there will be
many instances in practice where conditions are less favourable.

8. CONCLUSIONS

Following the crash of an RAN Wessex helicopter caused by the catastrophic fatigue failure
of the input spiral bevel pinion in the main rotor gearbox, ARL have analyzed the routine re-
cordings of the gearbox vibration which were made by the RAN before the failure. It has been
shown that conventional spectral analysis of the gearbox vibration is unable to give an adequate
indication of the presence of the fatigue crack due to the production of low level modulation
sidebands over a wide frequency range. These sidebands may not be detected because they
can be lost in the background vibration of a complex gearbox. Thus in spite of the successful
application of spectral analysis to many simple aircraft accessories, it may be inadequate for
the detection of cracks in complex gearboxes.

It has also been shown that an alternative technique of vibration analysis called signal
averaging can give clear evidence of an abnormality in the gearbox as early as 42 hours before
failure. Enhancement of the signal average by digital signal processing using a computer reveals
evidence of an abnormality as early as 103 hours before failure. It has been demonstrated that
the condition of the gear can be assessed on a GO/NOGO basis using the kurtosis of the enhanced
signal average.

The enhancement technique has been developed further to show that it is the phase modula-
tion of the gear meshing vibration which gives the first indication of the presence of the crack,
apparently because the crack reduces the local stiffness of the gear allowing the teeth to deflect
under load causing a phase lag in the vibration produced. For an early fatigue crack the amplitude
modulation is small, demonstrating the inherent unsuitability of many present techniques
designed to assess the condition of the gear from the original signal average because these tech-
niques are based on the detection of amplitude modulation.

It has been shown that for an advanced fatigue crack a transient vibration may occur with
each gear revolution caused by impulsive loading of the gear as the cracked part deflects. The
impacts between gear tecth are independent of the tooth meshing vibration thus making it
possible to detect an early fatigue crack by the phase Jag in the meshing vibration and an advanced
fatigue crack by the impacts which may be produced.

The techniques described are suitable for routine application to helicopter gearboxes, not
only to the input spiral bevel pinion in the Wessex gearbox but in principle to other gears in the
Wessex and also in other aircraft. The use of these techniques should help to prevent another
failure of this type and contribute to improvements in the safety of aircraft operation.
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APPENDIX

When a carrier Xm cos (2amf f + dy,) is amplitude modulated by a function aw (1), the
resulting signal 2, (1) is given by [29]:

Im (1) - (V4@ (1)) X cos (2amfy 1 +dm)
When the carrier is phase modulated by by, (1), the resulting signal is given by [29]:
2 (1) X oS (2mmfy 1+ by + by (1)
= X [cos (2mmfy t+ dm) €os (bin(1)) SN (2mmfy £+ dw) sin (bul?))]
If bm(r) <m, small angle approximations can be applied [29] giving:
Im (1) = X [cos Qumfst + dm) ~bm(r) sin Qumfst + dm))
When simultaneous amplitude and phase modulation occur, the resuiting signal is given by:
Im (8} = X (Dt am(e)) [cos Qmmfat + dw)  bmlt) sin 2mmft + dm)]
If am(f). bulr) <1, this reduces to

Im (1) = X [COS (2‘""1_/‘\’ +dm)
+an(r) cos (2mmfsr + b)) bl 1) sin (2mmfit + du)]
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FIG.1 PIECE OF THE FAILED WESSEX INPUT SPIRAL BEVEL PINION

— Start of crack

FIG.2 PATHOF THE FATIGUE CRACK IN THE PINION




-

Crack area (arbitrary units)

300

200

100

Zone 3
boundary

Zone 2
boundary

25 mm x 3 mm

103 hours before failure
42 hours before failure

20mm x 1.2 mm

Zone 1
boundary

L

] 1

0 100

FIG.3 POSSIBLET

200 300 400
Time since overhaul (hours)

IME HISTORY OF THE CRACK AREA (1]




P

Vibration g rms

FiG. 4

Limiting size

S

SR
Lopes %

of tolerable crack

Gear wall
section

POSSIBLE TIME HISTORY OF THE CRACK FRONT [1)

S0
I, intermediate gears
B, bevel gears
I
"
25 - l -
I
I3
B
B, :
A »
0
0
Engine shaft orders
FIG.5 VIBRATION SPECTRUM OF AJET ENGINE ACCESSORY GEARBOX




Meshing frequency

g }
2
B
E
<
Lower sideband | Upper sidepand
1u
| R
Frequentcy
FI1G. 6 MOOULATION SIDEBANDS CAUSED BY GEAR ECCENTRICITY
® Meshing frequency
°
2 A
-
E
«

Modulation sidebands
a.‘b;l.ttl‘f L hs oanaa s

Frequency

. £1G.7 MODULATION SIDEBANDS CAUSED BY A GEAR CRACK




Amplitude (rms)

lllLl_Lle_l_LlliLLlll_llllllIllllLl_l_LlllllllIl[]—I—l h—'ll]_LULLLLlIIIIIIAIIALL

0 ......
0 50 100
Frequency (shaft orders)
FIG.8 SPECTRUM OF A SINUSOID
BLOCK LENGTH = 50.5 PERIODS NO WEIGHTING

1
=
£
®
°
2
-
3
<

o oy | )|

0 50 100

Frequency (shaft orders)

FIG.9 SPECTRUM OF A SINUSOID
BLOCK LENGTH = 50.5 PERIODS HANNING WEIGHTING




P— —— S —— ——

1
E
©
©
2
3
3
<

0 U

0 50 100

Frequency (shaft orders)
FIG. 10 SPECTRU